Introduction
[2] The atmospheric transport of high molecular weight organic contaminants to the marine environment has received little attention. Duce and Gagosian [1982] compiled estimates for the atmospheric input of n-C 10 to n-C 30 alkanes to the ocean from four data sources. This initial attempt to assess anthropogenic impacts on the marine coastal atmosphere did not include polycyclic aromatic hydrocarbons (PAHs). Elsewhere specific atmospheric PAHs (i.e., benzo[a]pyrene) have been studied extensively, especially in urban and rural continental areas. Over-water studies have been performed on the Great Lakes [Baker and Eisenreich, 1990; Simcik et al., 1997; McVeety and Hites, 1988] , the Chesapeake Bay [Offenberg and Baker, 1999; Dickhut and Gustafson, 1995] , the Baltic Sea [Halkiewicz et al., 1987] , the Canadian Arctic [Halsall et al., 1997] , the Mediterranean Sea [Stephanou, 1992] , the tropical Atlantic [Marty et al., 1984] and Pacific Ocean [Fraser et al., 1998 ]. Recently, estimates for dry and wet deposition of alkanes and PAHs were made for rural and urban coastal atmospheres extending 0 -3 km, 3 -200 km and >200 km off the coast [National Research Council (NRC), 2003 ]. Owing to paucity of data, the particulate phase PAH concentrations had to be estimated from studies in remote regions of the United States.
[3] In 1999, two research cruises were performed as part of the Aerosols99 and INDOEX projects. The objective of the Aerosols99 project was to determine the chemical and optical properties of aerosols as well as the ozone, CO and peroxyradical chemistry in the marine boundary layer [Bates et al., 2001; Hernández et al., 2001; Thompson et al., 2000] . Aerosols99 consisted of a cruise from Norfolk, VA, USA to Cape Town, South Africa (Figure 1 ) on the NOAA R/V Ronald H Brown. Seven wind regimes (Table 1) were determined from meteorological parameters, back trajectory analysis and trace gas and aerosol chemical composition [Bates et al., 2001] . These meteorological regimes included aged marine (continental influence greater than three days prior to arriving at the ship in the Northern and Southern Hemispheres of the Atlantic Ocean), aged (2 -4 days marine influenced) North American, influenced by biomass burning from Africa along the northern edge of the Intertropical Convergence Zone (ITCZ), and influenced by African dust. Elevated levels of K + and elemental carbon (EC) were found in the denoted biomass-burning influenced air masses. Bates et al. [2001] concluded that biomass burning-derived aerosols were transported by upper level air masses (750 mb) then mixed down near the ITCZ (8°N to 5°S). All of the air masses sampled in the Aerosols99 cruise had bimodal aerosol size distributions, with the exception of the biomass burning regime located along the Atlantic Ocean ITCZ. The biomass burning aerosol was unimodal, with a number distribution similar to the larger diameter (median $200 nm) of the two modes found in other identified regimes in the Atlantic transect [Bates et al., 2001] . During the Aerosols99 cruise, the particulate organic matter (POM) concentration was highest in the aged North American regime while EC was greatest in the biomass burning/African dust mixed regime [Bates et al., 2001] . Sub-micron non-sea salt sulfate concentrations were greatest in the North American air masses, consistent with long-range transport of aerosols from anthropogenic sources [Bates et al., 2001] .
[4] The INDOEX project was developed to address the heavy aerosol burden observed over the northern Indian Ocean by Rhoads et al. [1997] . A primary objective of the INDOEX project was to elucidate aerosol properties such as chemical composition and microphysical properties and their effect on direct and indirect forcing to evaluate climate model estimates [Ramanathan et al., 2001; Lelieveld et al., 2001] . Similar to the Aerosols99 cruise, 10 wind regimes were defined based on meteorological parameters (Table 1) . A distinct increase in the optical depth at 0.5 mm from the Southern to Northern Indian Ocean was found aboard the R/V Sagar Kanya using a multiwavelength Sun photometer, indicating heavily polluted air extending $1000 km from the Indian subcontinent [Ramanathan et al., 2001] . A thick haze layer extends over most of the Northern Indian Ocean, advected from the Indian sub-continent in a well-defined aerosol layer above the MBL [Leon et al., 2001] .
[5] The source of carbonaceous aerosols to the Northern Hemisphere Indian Ocean atmosphere is still in debate. Mayol-Bracero et al. [2002] measured SO 2 , POM, black carbon and water-soluble ionic species using the National Center for Atmospheric Research's (NCAR) C-130 aircraft. The authors employed reported ratios of these species characteristic of biomass-burning and fossil fuel combustion, concluding that 60-80% of the aerosol was from fossil fuel combustion. Similarly, Novakov et al. [2000] sampled <1.3 mm aerosol for organic carbon (OC), EC, SO 4 À2 and K + determination using the NCAR C-130 over the Indian Ocean in February and March of 1999. Using source ratios of Table 1. potential biomass and fossil fuel markers, they determined that the major source of carbonaceous aerosols was fossil fuel combustion. Ramanathan et al. [2001] note the size distribution of EC in the Northern Hemisphere is 3 to 5 fold larger than that reported for fresh engine exhaust and up to twice as large as the reported size distribution in the ambient Los Angeles air basin [Kleeman et al., 2000 [Kleeman et al., , 1997 . Leon et al. [2001] measured columnar aerosol optical thickness at inland (Dharwar) and coastal sites (Goa University) in India. These measurements combined with the reported density of forest fires suggest that biomass burning contributes significant quantities of soot the Northern Indian Ocean Atmosphere. De Gouw et al. [2001] measured trace gas concentrations aboard the Citation aircraft and calculated emission factors that were consistent with biomass burning, suggesting this as the dominant source of gaseous pollutants. Guazzotti et al.
[2003] employed a single particle mass spectrometer aboard the R/V Ronald Brown to measure various elements, including K, Li, S, and C moieties to decipher the source of carbonaceous particles over the Northern Indian Ocean. Using K + as a biomass-burning marker, the authors concluded that the dominant source of carbonaceous particles to the Northern Hemisphere Indian Ocean atmosphere was biomass burning. Dickerson et al. [2002] compiled an emission inventory for South Asia and concluded that biomass burning was the larger source, but that known emission factors could not account for the high concentrations of EC observed.
[6] Aerosols99 and INDOEX provide an opportunity to assess the anthropogenic impact of continentally derived PAHs on the marine atmosphere. The present study utilizes aerosol samples taken aboard the R/V Ronald Brown during the three-month cruise through the Atlantic and Indian Oceans. This study provides a current assessment of the spatial distribution of particulate phase PAHs in the marine atmosphere during the Northern Hemisphere winter of 1999. In addition, in the Northern Indian Ocean atmosphere the ancillary parameters EC, non-sea salt potassium (nssK + ) and non-sea salt sulfate (nssSO 4
À2
) are used to provide further insight into the sources of particulate phase PAHs. This study provides additional organic speciation of marine aerosol in pristine and coastally impacted areas of the world and further probes the possible sources of carbonaceous aerosol in the Northern Indian Ocean atmosphere.
Experiment
[7] Sample collection has been described elsewhere [Ball et al., 2003] and only briefly discussed here. Aerosol samples were collected using a high-volume Sierra Instruments bulk sampler located atop a 10 m tower $15 m above the sea surface [Ball et al., 2003] . The 20 by 25 cm Whatman 41 filters were removed from the filter head, placed in polypropylene bags and refrigerated. Sampling was stopped when wind speeds were below 3 m/s or when the wind arriving at the samplers was from the direction of the ship to avoid local contamination. Upon returning to the laboratory, filters were sub-sampled ($1/10) and sealed in individual polyethylene bags and placed in the freezer (approximately À20°C) until analysis. Field blanks (n = 4) were created by exposing the filter substrate to ambient air in the field, then sealing and storing the filters in a similar manner as the aerosol samples. Laboratory blanks (n = 4) were defined as filter substrate handled in a similar manner as the field samples without exposure to ambient air in the field. The analytical methods for the determination of OC, EC, nssSO 4 and nssK + have been previously published [Ball et al., 2003] .
[8] For PAH analysis each filter sub-sample (see below) was placed in a pre-rinsed (dichloromethane) 20 ml tube with 15 ml of dichloromethane, sealed with a Teflon lined lid and sonicated for 30 min. The samples were then stored in the dark at À20°C for 48 h. Prior to sonication 100 ml of surrogate solution containing $1000 ng/ml of fluoranthene- [9] Samples were quantified using an Agilent Technologies 6890/5973 gas chromatograph/mass spectrometer in electron ionization mode equipped with a Programmable Temperature Vaporization (PTV) large volume injector and a 30m Â 0.25 mm i.d. with a 0.25 mm film thickness DB-5 GC Column (J & W Scientific, Inc. Folson, CA). 25 ml of each extract was injected using the pulsed splitless mode with an injector temperature program of 50°C for 1 min, then ramped to 250°C at 600°C/min and held for the duration of the run. The oven temperature program was held at an initial temperature of 40°C for 1 min, then ramped to 280°C at 10°C/min followed by a 5°C/min ramp to a final temperature of 310°C and held for 10 min. Compounds were identified and quantified using authentic standards based on retention time and ion fragmentation in selective ion monitoring mode.
[10] A series of field and laboratory blanks consisting of identical filter substrate were stored, processed and analyzed in parallel with the particulate matter samples collected during the Aerosols99 and INDOEX cruises. Background contamination of the filters was defined as the mass detected/ 100 m 3 , as the mean volume collected in the samples was 1000 m 3 and $1/10 of the total filter was analyzed. Using this method, the blank values for the filters ranged from not detected (ND) for benzo [ghi] perylene to 6 pg/m 3 for 9, 10-dimethylanthracene. Instrumental detection limits (IDL), using the methods described above, were $0.1 pg/m 3 for each of the PAHs quantified. Table 2 displays the reporting limits (DL) for the PAHs analyzed in this study. We define the reporting limits as the greater of 3 times the instrumental limit or mean blank value. The mean surrogate recoveries ranged 70-98% and 91-117% for fluoranthene-d 12 and perylened 12 with mean (arithmetic mean ± 1 standard deviation) recoveries of 84 ± 4.0% and 108 ± 4.5%, respectively.
Results and Discussion

Hemispheric Marine Polycyclic Aromatic Hydrocarbons (PAH) Distribution
[11] PAH concentrations for the air regimes identified in Table 1 are compiled into Southern and Northern Atlantic and Indian Oceans categories in Table 2 . PAH concentrations were infrequently above reporting limits for samples from the Northern and Southern Atlantic Ocean and the Southern Indian Ocean atmospheres. Mean values (Table 2) were calculated using the measured values, if above reporting limits, or the reporting limit value (DL in , respectively) [NRC, 2003] . Although PAH analysis of the remote marine atmosphere (Atlantic Ocean and Southern Indian Ocean) were close to the reporting limits of this study, we propose that these results are the most recent 'conservative' estimate of marine particulate PAH concentrations extending our knowledge of the remote marine atmosphere PAH burden.
[15] In contrast, PAH concentrations in the Northern Hemisphere Indian Ocean were an order of magnitude greater than the other three regimes ( Table 2 ). The concentrations of benzo[ghi]perylene and indeno[1,2,3-cd]pyrene were five fold greater in the Northern Hemisphere Indian Ocean atmosphere than air masses influenced 2 -4 days back by North America (4.5 and 4.4 pg/m 3 , respectively, data not shown). This is consistent with a five fold greater concentration of EC in the northern Indian Ocean atmosphere compared to the Northern Atlantic [Bates et al., 2001] . Fluoranthene and pyrene concentrations for the tropical Atlantic Ocean (23 and 11 pg/m 3 , respectively) [Marty et al., 1984] 3 , respectively) consistent with the northern Indian Ocean atmosphere. The Arctic wind regimes were influenced by industrial areas in the northern and western regions of Siberia (3000 km upwind) that contained large industrial areas impacted by severe combustion-derived pollution [Halsall et al., 1997] .
[16] Lake Michigan aerosol particles, collected 20 km northeast of Chicago contained $20-fold higher benzo [ghi]perylene than the Northern Indian Ocean atmosphere [Simcik et al., 1999] . Background levels of particulate phase chrysene (56 pg/m 3 , assuming 40% total concentration on the particle) [see Fraser et al., 1998, Figure 2] [Offenberg and Baker, 1999] were approximately one half levels in the Northern Hemisphere of the Indian Ocean atmosphere. Baker and Eisenreich [1990] found levels of these two PAHs (13 and 16 pg/m 3 , respectively) over Lake Superior similar to the Indian Ocean Northern Hemisphere.
[17] There are a limited number of particulate phase PAH concentrations reported for the Indian sub-continent. Rao et al. [1982] found levels of benzo[a]pyrene in an urban (Matunga) and a suburban (Deonar) region of Bombay (14.7 -2.6 and 0.3 -1.3 ng/m 3 , respectively) that were several orders of magnitude above the Northern Indian Ocean atmosphere concentrations ( were similar to Bombay values and 2 orders of magnitude above concentrations found in the Northern Indian Ocean atmosphere.
Sources of Particulate Phase PAHs to the Northern Indian Ocean
[18] The elevated particulate phase PAH concentration in the northern Indian Ocean atmosphere allows for further analysis of possible PAH sources using concurrent measurements of SO 4 2À , organic carbon (OC), black carbon (EC) and K + [Ball et al., 2003] . K + has been used as a source marker for biomass burning [Cachier and Ducret, 1991] . Non-sea salt SO 4 2À is formed from the oxidation of SO 2 and has been used extensively as a marker for coal combustion [Huang et al., 2001 ] but care must be taken when using this marker for India-derived aerosols as significant quantities of SO 2 are emitted from biomass and biofuel combustion [Reddy and D05308 CRIMMINS ET AL.: PARTICULATE POLYCYCLIC AROMATIC HYDROCARBONS Venkataraman, 2002] . Elevated OC/EC ratios have been used as a marker for the production of secondary organic carbon [Turpin and Huntzicker, 1995] . In contrast, longrange transport may include the selective depletion/deposition of OC with respect to EC noted by Lim et al. [2003] in bulk particulate matter. The ratio of EC/OC also appears to change dramatically with the size and conditions of biofuel cooking fires (C. Venkataraman, personal communication 2003) , making this ratio less useful in distinguishing fossil fuel from biomass/biofuel combustion.
[19] Various wind regimes were identified along the cruise transect (Figure 1) . The origins and labels for the Northern Hemisphere Indian Ocean (Table 1) were determined using meteorological parameters and 6-day back trajectories at various altitudes using HYSPLIT from the ship's position for 0000, 0600, 1200 and 1800 UTC [Bates et al., 2001; Ball et al., 2003; Wisthaler et al., 2002] . The elevated levels of PAHs in the Northern Hemisphere Indian Ocean allow for a comparison of the various wind regimes with respect to air mass origins identified in Table 3 .
[20] The total PAH (tPAH) concentration in the particulate phase for the continentally impacted (<6 days prior continental influence) northern Indian Ocean regimes, described above, was significantly correlated (Figure 2 ) with EC (R 2 = 0.42, p < 0.01), SO 4 2À (R 2 = 0.62, p < 0.01) and K + (R 2 = 0.34, p < 0.01). tPAH was less correlated with organic carbon (R 2 = 0.15, p = 0.052), indicating an alternative OC source or reaction pathway such as secondary organic aerosol production. Although OC is also emitted in combustion and was strongly correlated with EC [Ball et al., 2003] , the lower correlation between t-PAH and OC suggests that either the OC content is not solely indicative of the PAH sources or that the production of PAHs and OC do not co-vary with respect to EC, suggesting changing combustion sources during the sampling campaign in the northern Indian Ocean atmosphere.
[21] The particulate phase PAH samples from the Northern Indian Ocean atmosphere were categorized according to previously defined meteorological regimes (Table 1) . The samples will be identified either by wind regime and/or the Julian day of the year (DOY) they were collected. For the first portion of the Northern Indian Ocean sampling, the NHcT-Sri Lanka, NHcT-Bengal, NHcT-w (DOY 58 -59, 63-65 and 65-67, respectively) and NHcT-Bengal 2 and 3 (DOY 81, 85-86 and 87-89, respectively) were combined based similar PAH profiles. Selected PAHs (indeno [1,2,3-cd]pyrene, benzo[ghi]perylene and coronene) were then correlated with the aforementioned ancillary parameters. These PAHs were chosen based their low volatility (>95% on the particle phase) and stability relative to the 2 to 6 day transport time from the continent to the ship. As the vessel crossed the Indian Ocean ITCZ, the particulate phase samples from the first set of continentally impacted meteorological regimes Table 1 for description of regimes). therefore using these combustion markers is not informative. Trace gas measurements [Wisthaler et al., 2002] and back trajectories suggest that PAHs in this regime mainly originate from fossil fuel combustion in the Arabian Peninsula. The poor correlation between these PAHs and the biomass and industrial markers is consistent with combustion of low sulfur content fossil fuel such as petroleum.
[22] The next regime (NHc-mixed regime, DOY 71 -75P) exhibited a strong correlation (Figure 3) 2À (R 2 = 0.77, 0.77 and 0.83, respectively where p < 0.01). This supports a mixed biomass/fossil fuel component to these non-volatile, stable PAHs similar to the trace gas measurements by Wisthaler et al. [2002] .
[23] As the vessel entered the last continentally impacted regions, an increase in the concentration of retene (Table 3) was observed, a suggested marker for softwood combustion [Fine et al., 2001] . Indeno increased influence of biomass combustion on the EC and particle PAH burden in this regime.
Indeno[1,2,3-cd]pyrene/ /EC Ratio as a Source Marker
[24] The use of PAHs as source markers for aerosol particles has its limitations, especially when the organic matrix of the particle population ages during long-range transport. Because of the varying degrees of chemical degradation among the PAHs, caution must be taken when inferring PAH profiles from previous source studies. As mentioned above, the OC fraction was less significantly correlated with t-PAHs than was EC for the continentally influenced Northern Indian Ocean atmosphere. Venkataraman and Freidlander [1994a] employed reactivity normalized PAHs and EC in conjunction with a chemical mass balance approach to apportion particulate phase PAHs to automobile emissions and meat cooking in Los Angeles CA. Gas and particulate phase PAHs have been used in multivariate source apportionment models by Simcik et al. [1999] and Larsen and Baker [2003] in urban areas close to PAH emission sources. used a combination of PAHs and metals to allocate the sources of PAH burden on ambient aerosol. This study is quite different in that the aerosol transport time (2 -5 days) allows photochemical reactions to alter the organic composition and alters the PAH profile with respect to the reactivity and volatility of the PAHs studied. [25] To minimize the effect of photo-degradation of the more reactive, semi-volatile PAHs (i.e., cyclopenta [cd] pyrene and benzo[a]pyrene) one of the least reactive PAHs, indeno[1,2,3-cd]pyrene (half-life >800 days) [Nielsen, 1984; Finlayson-Pitts and Pitts, 2000 , and references therein] was chosen as a representative marker for combustion. Secondly, a recent study has found the selective depletion of OC with respect to EC in aerosol over the Pacific Ocean [Lim et al., 2003] . Owing to the stability and co-emission of both indeno[1,2,3-cd]pyrene and black carbon, this ratio may give further insight into the sources of particulate PAHs in the Northern Hemisphere of the Indian Ocean. Therefore we have calculated indeno[1,2, 3-cd] pyrene/EC ratios from various literature source studies (Table 4) including biomass/biofuel combustion, vehicular emissions (diesel and gasoline), and stationary fossil fuel sources to elucidate the potential sources of PAHs and EC to the northern Indian Ocean atmosphere.
Vehicular Emissions
[26] Schauer et al. [2002] measured the PAH profiles of emissions from automobiles with and without catalytic converters. Catalyst-equipped vehicles emitted 7.5 mg/km of particulate matter (PM) and 10% of the PM mass was EC. The indeno[1,2,3-cd]pyrene emission rate was 0.44 mg/km, resulting in an indeno[1,2,3-cd]pyrene/EC ratio of 590 mg/g EC (Table 4) . Comparable data from noncatalytic converter equipped vehicles (590 mg/km of PM, 1.4% EC and 92 mg/km of indeno[1,2,3-cd]pyrene ) result in an indeno[1,2,3-cd]pyrene/EC ratio of 11,000 mg/g (EC). Indeno[1,2,3-cd]pyrene was not present in diesel exhaust above detection limits using similar sampling and analytical techniques. However, a maximum ratio can be calculated by normalizing the lowest reported value for indeno[1,2,3-cd]pyrene for the gasoline exhaust source test (0.47 mg/km; Rogge et al. [1993] ) to the reported 160 mg/kg EC emission rate (40% of 410 mg/km PM reported). A maximum indeno[1,2,3-cd]pyrene/EC ratio in diesel exhaust is, therefore, 2.9 mg/g EC. A second diesel exhaust ratio can be determined using published indeno[1,2,3-cd]pyrene concentrations for the diesel exhaust Standard Reference Materials (SRM) distributed by the National Institutes of Standards and Technology, Gaithersburg, MD. For SRM 1650 the certified concentration of indeno[1,2,3-cd]pyrene is 5.62 mg/kg. Gustafsson et al. [2001] reported an EC content of 480 g/kg resulting in diesel concentration of 12 mg/g EC. Similarly SRM 2975 has an inden[cd]pyrene concentration of 1.4 mg/kg and an EC content of 680 g/kg [Gustafsson et al., 2001] resulting in a ratio of 2.0 mg/g EC. These estimated concentrations are similar to the 27 ± 10 mg/g (EC) found in samples collected during days 63-89 and somewhat lower than DOY 58-59 (140 ± 38 mg/g EC).
Biomass/ /Biofuel Emissions
[27] Reported wood combustion emissions of PM (3g/kg), EC (10%) and indeno[1,2,3-cd]pyrene (2 mg/g) by Fine et al. . Sheesley et al. [2003] provide the best estimates of the indeno [1,2,3-cd] pyrene/EC ratios for South Asia biomass combustion sources. The authors performed controlled combustion experiments similar to Hays et al. [2002] using coconut leaves (1,200 mg/g), rice straw (320 mg/g), cowdung patties (2400 mg/g), biomass briquettes (17,000 mg/g) and jackfruit branches (1,000 mg/g) collected from various markets in Dhaka. Interestingly the rice straw indeno [1,2,3-cd] pyrene/ EC ratio is only three times greater than that observed in the DOY 58-59 samples (140 mg/g EC).
Fossil Fuels Stationary Source Emissions
[28] Rogge et al. [1997] did not report indeno[1,2, 3-cd]pyrene for the source characterization of industrial boiler distillate fuel No. 2 combustion. If we assume that a maximum value for the concentration of indeno [1,2, 3-cd] pyrene is equal to the lowest PAH reported (1 pg/kJ), using the reported EC emission (5 -13 mg/kJ PM where 29% is EC) the indeno [1,2,3-cd] pyrene/EC ratio is 0.3-0.7 mg/g EC. This concentration is on the lower edge of the calculated diesel values presented above.
[29] Oros and Simoneit [2000] were not able to detect indeno [1,2,3-cd] pyrene in the combustion of lignite, one of the major coals used in the northern portion of India [Reddy and Venkataraman, 2002] . Therefore the calculation was performed using indeno [1,2,3-cd] pyrene emissions from bituminous coal (158 mg/kg smoke) [Oros and Simoneit, [1,2,3-cd] pyrene with respect to EC and does not resemble the ratios reported in this study (Table 4) .
[31] In support of the calculated coal indeno[1,2,3-cd] pyrene/EC ratio, Simcik et al. [1999] found that the source contributions to PAHs in the Chicago atmosphere were coal, natural gas, coke and vehicles at 48%, 26%, 14% and 9%, respectively. The indeno[1,2,3-cd]pyrene/EC concentration was 600 ± 330 mg/g EC in the city and 1100 ± 1000 mg/g EC over Lake Michigan 20 km off the coast of Chicago (Table 4 ). An elevated indeno [1,2,3-cd] pyrene/EC ratio in the Chicago and Lake Michigan atmosphere may be due to the elevated contribution of coal combustion to the particulate PAH and EC in this area. Venkataraman et al. [1994] and Venkataraman and Friedlander [1994b] performed EC and PAH measurements in two California tunnels and found an EC normalized indeno[1,2,3-cd]pyrene ratio of 60 mg/g (EC) and 480 mg/g (EC) for Caldecott and Sepulveda Tunnels in Berkley and Los Angeles, California, respectively (Table 4 ). The greater abundance of diesel vehicles in the Caldecott compared to the Sepulveda Tunnel during this study is consistent with the lower measured indeno[1,2, 3-cd]pyrene/EC ratio calculated above for diesel and results from the northern Indian Ocean atmosphere.
[32] The above calculations assume that the EC and indeno[1,2,3-cd]pyrene emission profiles from North America can be extrapolated to the Indian sub-continent. found indeno[1,2,3-cd]pyrene/EC ratios for Lahore, Pakistan of 600-700 mg/g EC. Urban, industrial and rural areas were sampled, where the rural area was $20 km from the city. The authors cite a previous source apportionment study on the area using Principal Component Analysis [Smith, 1995] that indicated vehicular emissions were the dominant source of the higher molecular weight PAHs. Vehicular emissions in the city and industrial region would appear to be representative of the Indian sub-continent [Dickerson et al., 2002, and references therein] . The Lahore vehicle fleet resembles the Indian fleet in the high number of two-stoke vehicles, and poor maintenance of roads and vehicles, but the indeno[1,2,3-cd]pyrene/EC ratio for this area is 5 -30 fold above results presented here for the Northern Indian Ocean atmosphere. The authors note brick kilns heavily impact the rural area in this study. The indeno[1,2,3-cd]pyrene/EC concentration more resemble the coal values presented above and are orders of magnitude lower than the non-catalyst equipped values calculated in Table 4 . The fact that the indeno[1,2,3-cd]pyrene/EC value is consistent among the rural, city and industrial cites in this study suggests that a regional signature (possibly coal) may dominant the indeno[1,2,3-cd]pyrene/EC ratio.
[33] Other authors have attempted to assign source strengths to the aerosol sampled during northern Indian Ocean cruise using different sampling techniques and source markers (Table 5) . Guazzotti et al. [2003] reported that $75% percent of carbon-containing particles from the Indian sub-continent were from biomass/biofuel combustion using a single particle mass spectrometer (SPMS). This instrument was calibrated to collect particles between 0.2 mm to 1.0 mm employing K + as a source marker for biomass combustion. Recently, Kleeman et al. [2000] measured the composition of particles emitted from noncatalyst equipped gasoline engines and found a trace bimodal (maximums at $0.1 and 1.0 mm) K + component. The mass median aerodynamic diameter (MMAD) of indeno[1,2,3-cd]pyrene for biomass combustion is 0.4 mm accompanied by a MMAD for the PM emissions of 0.5-0.8 mm [Venkataraman et al., 2002] . This is significantly larger than vehicular emission MMADs of 0.13 and 0.07 mm for indeno[1,2,3-cd]pyrene and 0.11 and 0.15 mm for EC measured at the Caldecott and Sepulveda Tunnels, respectively [Venkataraman et al., 1994; Venkataraman and Friedlander, 1994b] . In this tunnel study, 80% of the PAH mass was on particles less than 0.12 mm. Interestingly, the EC size distribution for vehicle emissions of PAHs and EC for the two California tunnels is approximately one half the smallest particles collected using the SPMS mentioned above. Non-catalyst equipped car emissions also exhibit the largest EC concentration in particle sizes <0.25 mm [Kleeman et al., 2000] . [34] During INDOEX, the maximum EC concentration was in the 0.3 < Dp < 0.54 mm size range (Table 5) , which is consistent with the emission profile of biomass/biofuel combustion. But, the cutoff points of the Berner impactor employed in that study were not calibrated to collect particles smaller than 0.18 mm, suggesting again that a vehicular emission source size particle population may not have been efficiently collected. Therefore we suggest that the maximum EC concentration observed by Neusüß et al. [2002] may be skewed to larger size distributions than would be expected for direct vehicle emissions. This is consistent with the elevated EC concentrations found using the Anderson hi-vol (1.0 -1.3 mg/m 3 , Table 3 , NHcT-Sri Lanka, Bengal-1 and NHcTw regimes) in this study compared to the Northern Indian Ocean values (0.12 mg/m 3 ) reported by Neusüß et al. [2002] . Interestingly, EC concentrations reported by Neusüß et al. [2002] for the Bay of Bengal (0.74 mg/m 3 ) are similar to the concentrations found here for the NHcT-Bengal 2 and 3 (Table 3) where biomass combustion appeared to have a greater impact on the PAH profiles. This is consistent with the difference in emission size distribution discussed above for biomass and vehicular combustion. Therefore we conclude that the majority of the elemental carbon found in the northern Indian Ocean originates from fossil fuel combustion, specifically diesel emissions, with biomass combustion relatively more important in the NHcT-Bengal 2 and 3 regimes (DOY 81-89).
Conclusions
[35] Marine aerosol was analyzed for PAHs, providing current estimates of marine background PAH concentrations for the Atlantic and Indian Oceans. A consistent and low level of particulate phase PAHs was found for the Atlantic and Southern Indian Ocean, representing the background marine aerosol PAH burden. A dramatic increase in PAH concentrations north of the ITCZ in the Indian Ocean was consistent with the enhanced anthropogenic emissions from the Indian sub-continent. These levels are greater than rural concentrations detected in the North American Great Lakes. The sources of particulate PAHs in this region were of a mixture of biomass and fossil fuel combustion. Our analysis of indeno [1,2,3-cd] pyrene/EC ratios for the various wind regimes suggests the dominant source of the particulate phase PAHs to the Northern Indian Ocean atmosphere is fossil fuel combustion. Biomass combustion was relatively more important in air masses that originated from the mideastern portion of the India (DOY 81-89). Although recent work has been performed on the biomass PAH distribution and emission in India, vehicles have received little attention. Dickerson et al. [2002] suggest that the fuel adulteration (kerosene addition to gasoline) impacts the EC emissions from the Indian sub-continent. The PAH/EC ratios suggest that biomass/biofuel combustion is not dominant source EC associated PAHs. Therefore we point toward the need for extensive characterization of the fossil fuel emissions in India to truly quantify the impact of India's fossil fuel emissions on the region.
